Abstract: The immune response of a host to an invading pathogen is dependent on the capacity of its immune cell compartment to recognize highly conserved pathogen components using an ancient class of pattern recognition receptors known as TLRs. Initiation of TLR-mediated signaling results in the induction of proinflammatory cytokines that help govern the scale and duration of any ensuing response. Specificity for TLR signaling is, in part, a result of the differential recruitment of intracellular adaptor molecules. Of these, MyD88 is required for the majority of TLR signaling. Zebrafish have been shown to possess TLRs and adaptor molecules throughout early development, including MyD88, strongly suggesting conservation of this ancient defense mechanism. However, information about which embryonic cells/tissues possess this conserved signaling potential is lacking. To help define which embryonic cells, in particular, those of the innate immune system, have the potential for MyD88-dependent, TLR-mediated signaling, we generated transgenic reporter lines using regulatory elements of the myd88 gene to drive the fluorescent reporters enhanced GFP and Discosoma red fluorescent protein 2 within live zebrafish. These lines possess fluorescently marked cells/tissues consistent with endogenous myd88 expression, including a subset of myeloid leukocytes. These innate immune cells were confirmed to express other TLR adaptors including MyD88-adaptor like, Toll/IL-1R domain-containing adaptor-inducing IFN-␤, and sterile ␣ and HEAT-Armadillo motifs. Live wound-healing and infection assays validated the potential of these myd88-expressing leukocytes to participate in immune responses. These lines will provide a valuable resource for further resolving the contribution of MyD88 to early vertebrate immunity. J. Leukoc. Biol. 85: 000 -000; 2009.
INTRODUCTION
The zebrafish system has emerged as an ideal platform in which to study the development and function of the early vertebrate immune system [1] [2] [3] [4] . Zebrafish, like all vertebrates, possess fully functional innate and adaptive immune cell compartments. Furthermore, the genetic pathways that drive the differentiation of these specialized blood lineages show remarkable conservation with those of mammals [5] . Despite a growing consensus that early innate immune cell populations within the zebrafish embryo function in a similar manner to that of their mammalian counterparts, little is known about the conservation of key mediators necessary for TLRmediated signaling within these cell compartments. TLRs represent a highly conserved, ancient class of pattern recognition receptors, which recognize specific invariant elements of microbes called microbe-associated molecular patterns (MAMPs) [6, 7] . In humans, at least 10 TLRs modulate the expression of specific immune genes by binding different MAMPs [8] . Ligation of these MAMPs to TLRs triggers a signaling cascade that leads to activation of transcription factors including NF-B and ultimately, the synthesis of proinflammatory cytokines, including TNFs and IFNs that contribute to igniting an immune response. A degree of specificity for TLR-mediated signaling is conferred by the recruitment of different Toll/IL-1 receptor (TIR) domain-containing intracellular adaptor molecules [9, 10] . Of the five TLR adaptors identified currently, MyD88 is required for the majority of TLR-mediated signaling. MyD88 was first identified as a factor induced during IL-6-stimulated terminal differentiation of myeloid precursors [11] . The importance of MyD88 for TLR-mediated signaling was cemented when studies revealed that innate immune cells from MyD88 knockout mice were unresponsive to various bacterial cell wall components that typically stimulate immune responses through a number of TLR receptors [12, 13] . Despite the majority of TLR-mediated signaling being MyD88-dependent, MyD88-de-ficient cells have been demonstrated to maintain a capacity to induce IFN-inducible genes via LPS-induced TLR4 signaling [14] , revealing MyD88-dependent and -independent signaling pathways [10] . The MyD88-independent pathway most likely relies on the recruitment of other TIR-containing adaptor(s) that include TIR domain-containing adaptor protein/MyD88-adaptor like (Mal), TIR-containing adaptor-inducing IFN-␤ (TRIF), TRIF-related adaptor molecule, and sterile ␣ and HEAT-Armadillo motifs (SARM) [9] .
Studies to assess which TLRs and adaptor molecules are present during zebrafish development have shown that zebrafish express at least 19 putative TLR variants, as well as orthologs for the adaptor molecules MyD88, MAL, TRIF, and SARM. Most of these components are deposited as maternal transcripts, after which, zygotic transcription provides continued expression throughout embryonic and larval stages [8, [15] [16] [17] [18] . Functional analyses within Myd88-depleted embryos further revealed that although not required for wound healing, MyD88 was necessary for proper clearance of a fluorescently labeled, nonpathogenic variant of Salmonella enterica serovar Typhimurium delivered via the circulation [17] . Although these studies have further enhanced the usefulness of the zebrafish model system in studying innate immunity by confirming that zebrafish express essential components for TLRmediated signaling, the immune cell compartments in which this potential resides remain unknown.
Zebrafish, like mammals, have two distinct waves of hematopoiesis [5] . An initial, "primitive" wave provides the early embryo with a pool of embryonic erythrocytes that develops within the posterior lateral plate mesoderm (LPM)-derived intermediate cell mass. Prior to these erythrocytes entering the circulation, an anterior LPM-derived population of primitive macrophages begins to colonize the yolk surface [19] . These myeloid leukocytes represent the first innate immune cells of the early embryo, and multiple studies have confirmed their immunocompetence in clearing bacterial challenges and in contributing to wound healing [17, 19 -22] . Shortly after circulation commences, erythromyeloid progenitors (EMPs) emerge de novo within the posterior blood island (PBI) that provides an appropriate niche for their differentiation into definitive erythroid and myeloid lineages, including macrophages and neutrophils [23] . Immediately following the appearance of these EMPs within the PBI, hematopoietic stem cells (HSCs) emerge from the ventral wall of the dorsal aorta to eventually seed the kidney that progressively becomes the source of all definitive hematopoietic lineages, equivalent to the bone marrow of mammals [24] . In general, although the tissue domains that support hematopoiesis during development may differ between zebrafish and mammals, there is remarkable conservation with respect to the precursor cells that establish their hematopoietic potential and the blood/immune cell lineages they provide [25] .
As part of a larger project to develop a bank of transgenic (Tg) reporter lines with fluorescently marked immune cell compartments and to potentially uncover which immune cell populations within the early vertebrate embryo possess a capacity for TLR-mediated signaling, we have generated reporter lines in which regulatory elements of the zebrafish myd88 gene were used to drive expression of the fluorescent reporters, enhanced GFP (EGFP) and Discosoma red fluorescent protein 2 (DsRED2). Using these reporter lines, we have confirmed expression of the TLR adaptors within embryonic and larval leukocytes that contribute to wound healing and phagocytosis of injected bacteria. In addition, expression analyses of fluorescently labeled blood lineages within the whole kidney marrow (WKM) of adult Tg(myd88:EGFP) fish revealed that this signaling potential continues within adult blood lineages, including macrophages, granulocytes, lymphocytes, and immature hematopoietic progenitor cells. These lines will allow genetic approaches to be taken to further understand the complexities of TLR signaling. [29] adult fish. Embryos were raised at 28°C in embryo medium (E3) [30] and developmentally staged as described [31] . Research was conducted with approval from The University of Auckland Animal Ethics Committee (New Zealand).
MATERIALS AND METHODS

Zebrafish maintenance
Whole mount in situ hybridization (WMISH) and immunofluorescence detection
An antisense, DIG-labeled in situ hybridization probe for myd88 was transcribed using SP6 RNA polymerase from an 855-bp amplicon, corresponding to the entire open-reading frame of myd88 (NM_212814), cloned into pCRBlunt II-TOPO (Invitrogen, Carlsbad, CA, USA) that had been linearized with NotI. WMISH were performed essentially as described [32] . Pigmentation in embryos older than 24 h postfertilization [hours post-fertilization (hpf)] was inhibited using 1-phenyl-2-thiourea (PTU; Sigma Chemical Co., St. Louis, MO, USA) as described [30] or by bleaching in a 0.5ϫ standard saline citrate, 5% formamide, 10% H 2 O 2 solution. For fluorescence in situ hybridization detection of myd88 transcripts, tyramide signal amplification (TSA) was used using a sheep anti-DIG-POD conjugate with Alexa Fluor 555 tyramide, according to manufacturer's instructions (from the TSA Kit #41, Molecular Probes, Invitrogen). For immunofluorescence detection of EGFP, a chicken anti-GFP (Abcam, Cambridge, MA, USA) primary and an Alexa Fluor 488-conjugated goat anti-chicken secondary (Invitrogen) was used. Images were captured using a Leica TCS SP2 confocal laser-scanning microscope using sequential excitation/detection for Alexa Fluor 488 and 555 signals.
Cloning of myd88 promoter sequence and construction of Tg(myd88:EGFP) and Tg(myd88: DsRED2) reporter lines A myd88-containing bacteria artificial chromosome clone (zC227L2/CH211-227L2/CHORB736L02227Q) obtained from the German Resource Center for Genome Research (Berlin, Germany) was used as a template to amplify ϳ3.72 kb myd88 promoter sequence using the primer pair Myd88UPXhoI, 5Ј-CACTCGAGCTGCTTCTACTGTG-3Ј (underlined sequence corresponds to XhoI restriction site); Myd88DOBamHI, 5Ј-GTGGATCCAAAACCTCTGT-TATCC-3Ј (underlined sequence corresponds to BamHI restriction site). This amplicon was cloned into the pGEM-T Easy Vector (Promega, Madison, WI, USA) for sequence verification. Following digestion with XhoI and BamHI, the 3.7-kb myd88 promoter fragment was ligated to similarly linearized pT2KXIG⌬in to create pT2K/myd88(3.7):EGFP. To construct pT2K/ myd88(3.7):DsRED2, we first replaced the EGFP-encoding sequence in pT2KXIG⌬in with that encoding DsRED2, while conserving the immediately downstream BamHI restriction site to create pT2KXIR⌬in. The BamHI/XhoI 3.7-kb myd88 promoter sequence was then cloned into similarly linearized pT2KXIR to generate pT2K/myd88(3.7):DsRED2.
To generate Tg reporter lines, zebrafish embryos were microinjected with the p2TK/myd88(3.7):EGFP or pT2K/myd88(3.7):DsRED2 (30 pg/embryo) constructs combined with transposase transcript (50 pg/embryo) at the one-cell stage. Capped transposase transcript was generated using the mMESSAGE mMACHINE SP6 kit (Ambion Inc., Austin, TX, USA) from the pCS-TP expression vector as described previously [33] . These potential founders were then screened for EGFP or DsRED2 expression under fluorescence microscopy following 2 days' development. Only fluorescent embryos were selected to form the founder population. At sexual maturity, founders were intercrossed and F1 progeny screened for fluorescence. Pairs that generated a positive clutch were then outcrossed individually to wild-type fish to identify germline Tg founders.
Phagocytosis and infection assays
pHrodo Escherichia coli BioParticle conjugate (Molecular Probes, Invitrogen), resuspended in PBS (200 g/ml), supplemented with 20 mM HEPES (at pH 7.4 to minimize background fluorescence from nonphagocytosed particles), was microinjected into the circulation of anesthetized 2-day postfertilization (dpf) Tg(myd88:EGFP) embryos using an Eppendorf FemtoJet microinjection system. Injected embryos were left to recover in E3 medium while being protected from light to preserve the fluorescence signal. Following 30 min, injected embryos were mounted for confocal imaging.
Alexa Fluor 594-conjugated heat-killed or chemically killed E. coli (K-12 strain) BioParticles (Molecular Probes, Invitrogen) possessing natural antigenicities were resuspended in PBS (5 mg/ml) supplemented with 2 mM sodium azide. This stock solution was then vortexed to dissociate the BioParticles before being diluted 1:20 (with PBS). This was then similarly injected (as above) into the circulation of 2 dpf Tg(myd88:EGFP) embryos. Injected embryos were mounted immediately for confocal imaging.
FACS analysis, sorting, and cytospin preparations
Cell dissociation, flow cytometry analysis, and sorting of WKM-derived cells were performed essentially as described [22] . In brief, Tg adult fish were anesthetized in tricaine before dissection of kidneys, which were dissociated by teasing through a 40-m cell strainer (BD Falcon, BD Biosciences, San Jose, CA, USA) in ice-cold, 0.9ϫ PBS, supplemented with 5% FBS. FACS analysis was based on forward-and side-scatter (FSC and SSC, respectively) characteristics, propidium iodide exclusion, and GFP using a FACSVantage flow cytometer (Becton Dickinson, San Diego, CA, USA). Cytospin preparations were made using a Cytofuge 2 cytocentrifuge (StatSpin) followed by Leishman's staining for morphological analysis.
Labeled cells from Tg embryos and larvae were sorted as described [34] with modifications. In brief, dechorionated embryos and larvae were rinsed in calcium-free Ringer's solution for 15 min before removal of yolks by repeated passage through a 200-l pipette tip. Embryos and larvae were then digested in 0.25% trypsin-EDTA (Gibco, Grand Island, NY, USA) for 1.5-2 h at 28.5°C with manual dissociation every 10 min. The digestion was inhibited by the addition of CaCl 2 to a concentration of 1 mM and 5% FBS. The dissociated cells were centrifuged for 5 min at 3000 rpm before resuspension in ice-cold 0.9ϫ PBS, 5% FBS. Cells were passed several times through 40 m cell strainers (BD Falcon, BD Biosciences) prior to sorting.
RT-PCR and real-time PCR
To generate cDNAs from FACS-isolated cells, 10 3 -10 5 cells were sorted directly into 50 l Cell Lysis II buffer and cDNAs synthesized directly using the Cells-to-cDNA II kit (Ambion Inc.). Alternatively, cells were sorted into TRIzol LS reagent (Invitrogen) and total RNA isolated according to the manufacturer's instructions; cDNAs were then generated using the following: 150 ng/l random primers (Invitrogen); 10 mM DTT (Invitrogen); 0.5 mM dNTPs (Invitrogen), and 10 units/l Superscript III RT (Invitrogen) in 1ϫ transcription buffer. RNAs were then digested using 0.1 unit/l RNase H (Invitrogen). These cDNAs were used as templates to generate gene-specific amplicons using real-time PCR and/or RT-PCR (all primer pairs were designed to span at least 1 intron to control for contaminating genomic DNA). Quadruplicate real-time PCR was performed using Platinum SYBR Green quantitative (q)PCR SuperMix (Invitrogen) and were quantified using comparative threshold cycle with EGFP -ve cells as calibrator (see Supplemental Table 1 for qPCR and RT-PCR primer sequences).
Wound-healing assay
Wound-healing assays were performed on 4 dpf Tg larvae essentially as described [22] . In brief, a small wound was generated by applying light pressure to the ventral-most surface of the ventral fin, 5-6 somite lengths from the cloaca using fine forceps (Dumont #55, tip dimensions 0.05ϫ0.02 mm). Immediately following wounding, larvae were mounted for time-lapse confocal imaging.
Confocal microscopy
Tg embryos and larvae were raised to the desired developmental stage in E3 medium supplemented with PTU to inhibit pigmentation, as described [30] . Embryos and larvae were anesthetized using tricaine [30] and mounted in 1% (w/v in E3 medium supplemented with PTU and tricaine) low melting-point agarose (Invitrogen). Imaging was performed using an Olympus FV1000 confocal laser-scanning microscope equipped with an incubation chamber (kept at 28.5°C). Isosurface reconstruction and subsequent 4D analysis were performed using Imaris 5.7.2 (Bitplane, Switzerland) image analysis software.
RESULTS
myd88 expression during embryonic/larval development
Previous studies have provided a temporal description of when myd88 is expressed during zebrafish development and in which adult tissue transcripts can be detected [15] [16] [17] . We performed WMISH analysis to evaluate which embryonic cells/tissues express myd88 during embryonic/larval development and to assess which early immune cell compartments have the potential to transduce TLR-mediated signaling.
Consistent with previous reports [15, 17] , transcripts for myd88 were detected throughout early development. During gastrulation and early somitogenesis stages, expression was weak and ubiquitous throughout the developing embryo (data not shown). However, despite continued ubiquitous expression within the developing head during the early pharyngula stage (Fig. 1A) , expression became more restricted within the posterior of the embryo, where transcripts marked the pronephric ducts, the cloaca, developing ventral fin, tail bud, and cells within the ventral tail mesenchyme (Fig. 1 , B and C). Within 2 dpf embryos, myd88 transcripts continued to mark the pronephric ducts and cloaca, and expression also persisted, albeit weakly, between the caudal vasculature in the recently formed PBI (Fig. 1D) . A new domain of expression in the developing heart was noted (Fig. 1D, inset) . Following 3 days development, myd88 expression was detected within the gastrointestinal (GI) tract, including the oropharyngeal region ( Fig. 1E ) and the intestinal bulb (Fig. 1F) . At this stage, transcripts for myd88 were not detected within the PBI (data not shown). By 4 dpf, expression within the oropharyngeal region and intestinal bulb had increased (Fig. 1 , G and H) and expanded to also include the liver (Fig. 1H ) and the distal intestine (Fig. 1I ). Transcripts for myd88 also continued to mark the pronephric ducts and cells throughout the PBI (Fig. 1I) .
Next, we sought to define the identity of those cells expressing myd88 within the PBI. Given that the PBI represents a transient hematopoietic niche, providing an early larval supply of definitive erythroid and myeloid lineages and the depen-dence of myeloid lineages on MyD88 for proper innate immune function, we anticipated these myd88-expressing cells to possess a myelomonocytic identity. We took advantage of the Tg(lyz:EGFP) reporter line, developed previously in our group, which marks lyz-expressing macrophages and neutrophils specifically, including those definitive populations within the PBI [22] . Dual tyramide-based detection of myd88 transcripts and immunofluorescence detection of EGFP within 4 dpf Tg(lyz: EGFP) larvae revealed that a subset of lyz-expressing cells throughout the PBI contained myd88 transcripts, confirming their identity as myelomonocytic ( Fig. 1 , J, and K).
Tg(myd88:EGFP) embryos possess fluorescently labeled myeloid leukocytes
To generate a myd88 promoter-driven reporter line, ϳ3.7 kb genomic sequence immediately upstream of the myd88 initiation codon was cloned together with an EGFP-or DsRED2-encoding sequence within the Tol2-containing T2K vector ( Fig. 2A) . These myd88:EGFP and myd88:DsRED2 transgenes were then injected with synthetic transposase transcript to generate the stable reporter lines Tg(myd88:EGFP) and Tg(myd88:DsRED2). By 2 dpf, Tg(myd88:EGFP) embryos were recognizable by GFP expression within the distal pronephric ducts and cloaca (Fig. 2B) , consistent with the early expression of myd88 (Fig. 1 ). Closer examination of the surface of the yolk by confocal microscopy also revealed weak EGFP expression within cells with macrophage and neutrophil-like morphology on the yolk surface (Fig. 2 , C and D). Macrophages expressing myd88:EGFP were observed on the yolk within the common cardinal vein, extending long filapodial projections, while erythrocytes appeared to attach to their surface (Fig. 2C ). Labeled macrophages were also observed interacting with similarly marked neutrophil-like cells within the yolk sac circulation valley (Fig. 2D ). This ability of macrophages within the yolk sac circulation valley to adhere to erythrocytes and neutrophils has been described previously using differential interference contrast microscopy [35] . We have demonstrated previously that populations of macrophages and neutrophils are labeled within Tg(lyz:EGFP/DsRED2) animals [22] . Live imaging within Tg(myd88:EGFP)/Tg(lyz:DsRED2) compound Tg embryos confirmed the myelomonocytic identity of cells expressing low levels of EGFP on the yolk surface of Tg(myd88: EGFP) embryos (Fig. 2E) . Leukocytes expressing the myd88: EGFP and lyz:DsRED2 transgenes were also detected within the PBI (Fig. 2F ). In addition to labeling lyz-expressing leukocytes within the circulation and in hematopoietic regions, the myd88:EGFP transgene was expressed by leukocytes migrating within the developing head (Fig. 2G ).
Embryonic and larval innate immune cells express the TLR adaptors
Expression of the myd88:EGFP transgene was weak within embryonic myeloid leukocytes but became progressively stronger during larval stages, presumably as a result of the accumulation of fluorescent reporter protein. As a result of this weaker, early expression, we were unable to confirm that the myd88 promoter sequence used was driving authentic reporter expression within embryonic leukocytes using fluorescence WMISH (to detect myd88 transcript) and immunofluorescence (to detect the myd88:EGFP transgene). To circumvent this, we used the stronger expressing Tg(lyz:EGFP) reporter line to FACS isolate fluorescent embryonic leukocytes to assess, using RT-PCR, whether they contained transcripts for myd88 and the other Tlr adaptor molecules mal, trif, and sarm. Transcripts for all Tlr adaptors, including myd88, were detected within 2 dpf lyz:EGFP-expressing cells (Fig. 3A) . The earliest developmental stage at which cells expressed the myd88 reporter with sufficient intensity for FACS isolation was 3 dpf. At this stage, approximately half of the leukocytes expressing lyz:EGFP was also expressing the myd88:DsRED2 transgene at levels sufficient for detection (Fig. 3B) . These dual-labeled cells expressed the Tlr adaptor molecules, suggesting competence for TLR-mediated signaling (Fig. 3B) . By 4 dpf, myd88:EGFP expression was sufficiently strong to enable dual fluorescence detection of myd88 transcripts and immunofluorescence detection of EGFP within Tg(myd88:EGFP) larvae to confirm faithful reporter expression within myeloid leukocytes (Fig. 3C ). 4C ). Such colocalized expression continued at least until 7 dpf (Fig. 4, D and E ). This suggests that as the lyz:EGFP-expressing leukocytes begin to populate the larval tissues, such as the head, they begin to express detectable levels of the myd88: DsRED2 transgene, most likely a result of the longer time required for proper folding of the DsRED2 tetrameric protein compared with EGFP. To confirm further that the myd88 reporter lines also marked neutrophils (as suggested in Fig.  2D ), we analyzed reporter expression within 4 dpf compound Tg(myd88:DsRED2)/Tg(mpx:GFP) larvae. In zebrafish, mpx is believed to mark the neutrophil lineage exclusively, as does the mpx:GFP transgene [21, 26] . Within the PBI, we were able to detect myd88:DsRED2 expression within the majority of mpx:GFP-marked cells (83.5%; Fig. 4F ), and as within Tg-(myd88:DsRED2)/Tg(lyz:EGFP) larvae, this proportion was higher within mpx:GFP-expressing cells in the head (95.3%; Fig. 4G ). However, in contrast, we were able to detect cells within the PBI that expressed the myd88:DsRED2 transgene exclusively (27.0% of myd88:DsRED2-expressing cells; Fig.  4F ), which represents macrophages most likely.
Reporter expression within
To confirm the presumptive, pronephric duct expression demonstrated by the myd88 reporter lines, we analyzed Tg-(myd88:DsRED2)/Tg(cdh17:EGFP) compound Tg larvae. The Tg(cdh17:EGFP) reporter line uses regulatory regions of the cdh17 gene to drive reporter expression within the pronephric ducts (A. Davidson, unpublished) . Analyzing myd88:DsRED2 transgene expression within the Tg(cdh17:EGFP) background revealed that consistent with endogenous myd88 expression ( Fig. 1) , reporter expression was driven within the pronephric ducts of the developing kidney (Fig. 4H) . Reporter expression was also detected within the heart, liver, and intestine of Tg(myd88:EGFP) larvae (Fig. 4, I and J), consistent with endogenous myd88 expression (Fig. 1) .
In addition to stimulating cells of the innate immune system, TLR ligands stimulate cells of the adaptive immune system directly, including various T cell lineages and B cells [36, 37] . To determine whether other leukocyte lineages, in particular, the earliest thymic immigrants, are marked within the myd88 reporter lines and consequently may be responsive to TLRmediated stimulation, we analyzed Tg(myd88:DsRED2)/ Tg(lck:GFP) and Tg(myd88:DsRED2)/Tg(rag2:GFP) compound Tg larvae. Tg(rag2:GFP) and Tg(lck:GFP) reporter lines mark immature and maturing thymocytes, respectively, within the thymus [28, 29] . Although no marked thymocytes within Tg(lck:GFP) or Tg(rag2:GFP) larvae expressed the myd88:DsRED2 transgene, myd88:DsRED2-expressing cells were observed migrating between GFP-tagged thymocytes within the maturing thymus (Fig. 4, K and L ). This intimate relationship between these different leukocytic lineages was reminiscent of that observed by lyz-expressing cells within Tg(lyz:DsRED2)/Tg(lck:GFP) compound Tg larvae of a similar age (unpublished observations), strongly suggesting a myelomonocytic identity for these myd88:DsRED2-expressing cells within the larval thymus.
To confirm that the absence of myd88:DsRED2 transgene expression within these larval thymocytes was not the result of a lack of essential regulatory element(s) necessary to drive expression in this leukocyte subset within our promoter fragment, we isolated fluorescently marked cells from 6.5 dpf Tg(rag2:GFP) larvae to assess whether they possess myd88 transcripts (Fig. 5) . Flow cytometry revealed that ϳ58% of GFP-marked cells within Tg(rag2:GFP) larvae demonstrated a SSC Lo FSC Lo profile, consistent with a lymphocyte-like pattern [2] (Fig. 5A) . The remaining GFP ϩve cells represent olfactory sensory neurons most likely, which also express the rag2 transcript and rag2:GFP transgene [29] . Staining of cytospun FACS-isolated SSC Lo FSC Lo cells confirmed their lymphocytelike morphology (Fig. 5B) . Consistent with the live imaging results, these rag2:GFP-expressing thymocytes did not express myd88 nor the other adaptors, mal, trif, and sarm (Fig. 5C ).
myd88:EGFP transgene marks a subset of wound-responding myeloid leukocytes
To evaluate the potential of leukocytes expressing the myd88: DsRED2 transgene to contribute to an acute inflammatory response, we conducted a wound-healing assay within the ventral fin of Tg(myd88:DsRED2)/Tg(lyz:EGFP) compound Tg larvae. We and others [22, 38] have demonstrated previously that such an assay can be used to assess, in real-time, the contribution of fluorescently marked leukocytes to a wound response.
Time-lapse confocal microscopy revealed that leukocytes marked within Tg(myd88:DsRED2) larvae were able to contribute to the inflammatory response triggered by the ventral fin wound (Fig. 6) . Thirty to 45 min following wounding, leukocytes expressing myd88:DsRED2 and lyz:EGFP transgenes were observed to infiltrate the wound (Fig. 6A) , consistent with the timing of leukocyte infiltration using this wounding assay in a previous study [22] . Of interest, only a subset of lyz-expressing leukocytes (55.6Ϯ8.7%), which trafficked to the wound, expressed the myd88:DsRED2 transgene, consistent with the relative expression of these transgenes within leukocytes that populate the immediately dorsal PBI. To determine whether the heterogeneity demonstrated by the infiltrating leukocytes, with respect to their expression of the myd88:DsRED2 and lyz:EGFP transgenes, was reflected in a difference in their migration to the wound, we measured the speed of migration of those leukocytes only expressing the lyz:EGFP transgene and those also expressing the myd88:DsRED2 transgene (Fig. 6 , B and C). Both leukocyte subsets infiltrated the wounds with similar velocities, 11.2 Ϯ 2.2 m/min and 12.5 Ϯ 5.4 m/min for myd88 ϩ lyz ϩ and myd88 -lyz ϩ cells, respectively. These velocities are consistent with a previous study evaluating the kinetics of zebrafish neutrophil infiltration to wounds induced similarly [38] .
What was less clear from these studies was the initial source of these wound-responding leukocytes and their route of entry into the ventral fin. Conventional trafficking of leukocytes into inflamed tissues relies on a complex cascade of selectinmediated molecular interactions that ultimately result in leukocyte rolling along the vascular endothelium before they diapedese out of the blood vessel into the inflamed tissue. We have imaged previously the potential of marked leukocytes within Tg(lyz:DsRED2)/Tg(fli1a:EGFP) compound Tg larvae to roll along the vascular endothelia within the caudal vein [22] . Using the same compound Tg line, we conducted 4D analysis of the caudal vasculature to image leukocyte trafficking to the ventral fin during the wounding assay. The greatest concentration of marked leukocytes within Tg(lyz:DsRED2) larvae resides within the PBI, a hematopoietic niche bordered immediately above by the caudal artery and below by the caudal vein. Within this domain, myeloid leukocytes, including those marked by the lyz:EGFP and myd88:DsRED2 transgenes, proliferate and differentiate to provide a definitive larval supply of myelomonocytic lineages [23, 39] . During our wounding assays, we have observed previously that lyz-expressing leukocytes within the PBI become depleted, suggesting that they contribute to the inflammatory response within the ventral fin (unpublished observation). However, whether they traffic to the ventral fin by first entering the circulation and then rolling and diapedesing from the caudal vein or via an alternate route was not clear. Using isosurface-rendered 4D imaging generated from time-lapse confocal microscopy, we observed leukocytes migrating from the PBI around the surface of the caudal vein en route to the ventral fin wounds (Fig. 7, A-E) . In multiple time-lapse experiments, we were unable to detect marked leukocyte diapedese through the endothelial wall of the caudal vein to infiltrate the wound, although we do acknowledge that leukocytes not expressing lyz may traffic to the wound via this route. Alternatively, leukocyte diapedesis may proceed at a rate too rapid to be detectable using this strategy. In any event, this migration around the caudal vein from the immediately dorsal PBI represents a far more direct and less-tortuous route to the wound in comparison with first entering the circulation, rolling along the endothelial surface of the caudal vein, and traversing through the endothelial wall. Although we did not visualize any leukocyte diapedesis from the caudal vein as they trafficked to the wound, we did observe marked leukocyte diapedese through the endothelial wall of the caudal vein as they returned from the wound (Fig. 7, F-J) .
Leukocytes marked within Tg(myd88:EGFP) larvae possess acidic phagocytic vesicles and phagocytose injected bacteria
The pHrodo reagent emits red fluorescence only within acidic environments, such as that within phagosomal compartments of leukocytes, permitting analysis of phagocytosis in living cells. Although developed originally for use in cell culture applications, injection of this reagent into the circulation of 2 dpf Tg(myd88:EGFP) embryos resulted in intense red fluorescence being emitted from intracellular compartments within fluorescently labeled leukocytes located on the yolk (Fig. 8A) and within the PBI (Fig. 8B) . All pHrodo ϩve cells on the yolk expressed the myd88:EGFP transgene (nϭ60 cells; six injected embryos), consistent with the role of MyD88 in microbial pattern recognition. Although these experiments confirmed the phagocytic potential of these myd88-expressing leukocytes, as the bacteria only fluoresce following uptake into the cells, we were unable to image the actual phagocytic event. To facilitate live imaging of bacterial phagocytosis, we similarly injected heat-or chemically killed E. coli particles conjugated with the Alexa 594 dye. Isosurface-rendered imaging (4D) generated from time-lapse confocal microscopy revealed these red fluorescent bacteria to adhere to the surface of myd88-expressing leukocytes initially, prior to their progressive phagocytosis into the cell (Fig. 8C) .
Adult blood/immune cell lineages are marked within the Tg(myd88:EGFP) reporter line
To evaluate whether adult-definitive blood/immune cell lineages were marked fluorescently within the myd88 reporter lines, we performed flow cytometry and FACS analysis of dissociated WKMs from Tg(myd88:EGFP) adults. The WKM provides the definitive hematopoietic niche in adult zebrafish, producing all adult blood lineages from a pool of multipotent blood precursors. These various lineages can be differentiated loosely according to their size and granularity using FSC and SSC parameters during flow cytometry into erythroid (SSC Hi [2] . To assess initially whether blood cells were labeled fluorescently within Tg(myd88:EGFP) adults, we exposed the kidney surgically. Upon fluorescence illumination, in addition to detecting GFP expression within the dissected intestine (Fig. 9,  A and B) , we observed GFP within the kidney (Fig. 9C) . To determine if this fluorescence was in part a result of transgene expression within the hematopoietic compartment of the kidney and if so, which blood/immune cell lineages were marked, we dissected kidneys from Tg(myd88:EGFP) adults and performed flow cytometry. Approximately 50% of the WKM hematopoietic compartment expressed the myd88:EGFP transgene (Fig. 9D) . The majority of these cells (51%) gated to the myelomonocytic fraction, and 20%, 11%, and 7% gated to the lymphoid, precursor, and erythroid fractions, respectively (Fig.  9D) . These marked cells represented 85%, 48%, 66%, and 15% of the total cell counts within the myelomonocytic, lymphoid, precursor, and erythroid gates, respectively. To determine exactly which cells within each gate were expressing the myd88:EGFP transgene, FACS-isolated fluorescent cells from each gate were cytospun onto slides and stained with Leishman's stain. Fluorescent cells within the lymphoid and precursor gates possessed morphologies consistent with such lineages (Fig. 9E) . Within the myelomonocytic gate, cells with neutrophilic, monocytic/macrophage, and eosinophilic/basophilic morphologies were detected (Fig. 9E) . Of note, when EGFP ϩve erythroid-gated cells were analyzed, no cells possessing a erythroid morphology were detected; instead, cells were clearly myelomonocytic (Fig. 9E) . Only EGFP -ve erythroid-gated cells possessed a erythroid morphology, confirming that the myd88:EGFP transgene is not expressed within erythrocytes and that the 7% of labeled cells within the erythroid gate of Tg(myd88:EGFP) WKMs were in fact myelomonocytes (Fig. 9E) . To validate whether the transgene was driving authentic reporter expression within these adult blood lineages, FACS analysis was performed to isolate EGFP-expressing blood cells specific to each gate from which RNA was extracted for RT-PCR detection of myd88 transcripts. All fluorescently labeled blood cells within each gate contained endogenous myd88 transcripts, demonstrating that the myd88 promoter fragment used was recapitulating endogenous gene expression within adult hematopoietic cells (Fig. 9F) . In addition to expressing myd88, all fluorescently marked blood/immune cells within the WKM of Tg(myd88:EGFP) adults also contained transcripts encoding the other Tlr adaptor molecules, Mal, Trif, and Sarm, except for lymphocytes, in which no transcripts for sarm were detected (Fig. 9F) .
To verify whether the colocalized expression of myd88 and lyz, demonstrated within embryonic and larval myelomonocytes, continued within adult myelomonocytes, we performed expression analysis on marked myelomonocytes within the adult Tg(lyz:EGFP) WKM. We have shown previously that the lyz:EGFP transgene drives authentic expression specifically within myelomonocytes of the WKM (Fig. 9G) [22] . Transcripts for myelomonocytic genes and for myd88 were, as expected, more abundant within lyz-expressing WKM myelomonocytes when compared with lyz -ve WKM cells (Fig. 9G) , confirming that a proportion of adult myelomonocytes expressing lyz also expresses myd88.
A previous study has revealed that the lymphocytic compartment of the zebrafish WKM can be differentiated into Tand B-lymphoid subsets by their expression of the lck:GFP and rag2:GFP transgenes, respectively [28] . To determine whether the myd88-expressing lymphocytes identified in this study could be defined further as T-and/or B-lymphocytes, we isolated EGFP-expressing, lymphoid-gated cells from the WKMs of Tg(lck:GFP) and Tg(rag2:GFP) adults to assess whether they contained transcripts for myd88. Our expression analysis confirmed that lck:GFP-expressing lymphocytes express the T cell-specific gene lck exclusively but not the B cell-specific marker Iglc3, and those lymphocytes expressing rag2:GFP do express Iglc3 but not lck. We also confirm that myd88 is expressed in both lymphocyte subsets (Fig. 9H) .
DISCUSSION
Zebrafish are being exploited increasingly as a platform to help dissect complex host-pathogen interactions and in assessing leukocytic responses to inflammatory stimuli [17, 19, 20, 22, 26, 38, 40 -45] . Providing a unique combination of unrivaled optical transparency and genetic tractability, the zebrafish system holds great promise in facilitating novel insights into specific immune responses using live imaging approaches. To exploit the potential of the zebrafish platform fully, an appreciation of key conserved defense mechanisms is required, in particular, the conservation of such defense strategies within key immune cell compartments. One such strategy, used by a number of cell types, including innate immune cells, is the recognition and response to highly conserved, invariant MAMPs through TLR-mediated recognition and signaling. Despite analyses providing a temporal picture of when the components of this system are expressed in zebrafish [15] [16] [17] , the cell types involved have not been characterized previously.
We have demonstrated that zebrafish myd88, the key adaptor molecule required for the majority of TLR-mediated signaling, is expressed within a range of tissues and cells. This includes lyz-expressing myeloid leukocytes, an innate immune cell compartment, which we have shown previously contributes to zebrafish immune responses [22] . Generating Tg reporter lines to mark myd88-expressing cells fluorescently has provided a means to live-image these cells and assess their contribution to immune responses induced by various inflammatory triggers. Consistent with our fluorescence WMISH studies, myd88:EGFP/DsRED2-expressing cells represented a subset of myeloid leukocytes, also marked within Tg(lyz:EGFP/ DsRED2) and Tg(mpx:GFP) zebrafish. Although we were not able to detect myd88 expression on the yolk surface using WMISH, Tg(myd88:EGFP) embryos did possess fluorescently marked cells on the yolk with typical myelomonocytic morphology and behavior from 36 hpf. We believe the inability to detect this early leukocytic expression of myd88 by WMISH, prior to 4 dpf, is a result of low transcript abundance in these cells. Alternatively, the promoter fragment used to drive reporter expression within the myd88 reporter lines may lack negative regulatory element(s) required to silence this earlier myeloid leukocyte expression. We were able to resolve this issue and confirm that earlier myeloid leukocytes do express myd88 through expression analysis of FACS-isolated, lyz: EGFP-expressing cells from 2 dpf Tg embryos, the earliest stage from which we could isolate enough marked cells to facilitate RT-PCR detection. In addition, not only did early myeloid leukocytes express myd88, but they also contained transcripts encoding for the other adaptor molecules Mal, Trif, and Sarm, suggesting a conserved potential for differential regulation of TLR-mediated signaling. The lack of a similar expression analysis within the earliest murine or human myeloid leukocytes precludes a direct comparison of TLR adaptor expression between zebrafish and mammalian embryonic innate immune cells. However, expression analyses of preterm human newborn monocytes and fetal baboon bone marrowderived dendritic cells reveal that TLRs and their adaptor molecules are present within these innate immune cells and function to induce cytokine expression upon appropriate stimulation, albeit reduced significantly compared with equivalent adult immune cell lineages [46 -48] .
Using a combination of approaches, we were able to assess the potential of leukocytes marked within Tg(myd88:EGFP/ DsRED2) embryos and larvae to contribute to immune responses elicited using different inflammatory triggers, including their ability to help clear simulated, systemic infections and to infiltrate induced wounds. It was noted that all pHrodomarked phagocytic cells on the yolk surface following the delivery of this bacterial-conjugated fluorescent phagocytosis indicator into the circulation were also highlighted by their expression of the myd88:EGFP transgene, consistent with the role of Myd88 in microbial pattern recognition. In assessing the contribution of leukocytes during a wound response, it was noted that a level of heterogeneity existed with respect to their expression of the lyz:EGFP and myd88:DsRED2 transgenes. All wound-responding leukocytes that expressed myd88: DsRED2 also expressed lyz:EGFP; however, lyz:EGFP-expressing leukocytes not marked by the myd88:DsRED2 transgene were also observed to participate during wound healing, suggesting that Myd88 is not required for leukocyte participation in the wound response, consistent with a previous study [17] . Alternatively, this may be a reflection of the long maturation time required for DsRED2 fluorescence (maturation half-time of 6.5 h [49] ) rather than heterogeneity within the lyz-expressing leukocytic infiltrate.
Analysis of Tg(myd88:EGFP) adult WKMs, the adult hematopoietic organ in zebrafish, revealed that fluorescently marked myelomonocytic, lymphocytic, and precursor blood compartments expressed myd88 together with other Tlr adaptors. This pan-leukocyte expression of myd88 is consistent with studies in human leukoctyic subsets, where CD14 ϩ mononuclear cells, CD19 ϩ B cells, CD4 ϩ Th/inducer cells, and CD8 ϩ T suppressor/cytotoxic cells express equivalent levels of MyD88, as detected by real-time qPCR, despite these subsets expressing differential levels of the TLRs [50] . Of note and in contrast to the marked myelomonocytic and precursor fractions, transcripts encoding Sarm were not detected within myd88:EGFPexpressing lymphocytes, suggesting that these cells, at least within the WKM, do not use this adaptor for TLR-mediated signaling. The marked myelomonocytic fraction was resolved further to include heterophilic neutrophil, monocyte/macrophage, and eosinophilic/basophilic populations, based on morphological examination. In addition, the lymphocytic fraction could be defined further as including T and B cells. Despite the majority of research about TLR-mediated immunity focused on that driven by innate immune cell populations, a role for this highly conserved pathogen recognition strategy is beginning to be appreciated within cells of the adaptive immune system. In mammals, helper and cytotoxic ␣␤ T cells as well as unconventional ␥␦ T cells express certain TLRs, which when stimulated with their respective ligands, can enhance the proliferation and/or cytokine expression of TCR-stimulated lymphocytes [37] . Evidence of a role for TLR-mediated signaling within B cells is supported by studies in naive MyD88-deficient mice, which possess reduced, steady-state levels of serum IgM, IgG1, IgG2, and IgG3 [36] . In addition, TLR-mediated signaling in B cells can contribute directly to antibody production during T-dependent immune responses [51] . This expression of the myd88:EGFP transgene in WKM-derived adult lymphocytes was in contrast to that within the larval lymphocyte compartment. Live imaging within compound Tg(myd88: DsRED2)/Tg(lck:GFP) and Tg(myd88:DsRED2)/Tg(rag2:GFP) larvae suggested that the earliest thymic immigrants do not express myd88. This was not a result of the lack of an enhancer element(s) within the promoter fragment used in constructing the myd88 reporter lines necessary for early thymocyte expression, as RT-PCR analysis of FACS-isolated, rag2:GFP-expressing larval thymocytes confirmed this absence of myd88 expression. However, myd88:EGFP-expressing cells were detected within the early thymus in close association with thymocytes, reminiscent of that demonstrated by myeloid leukocytes marked within the thymus of Tg(lyz:DsRED2) larvae (unpublished observation). This differential detection of myd88 expression within larval thymocytes and adult rag-expressing WKM cells may be a reflection of their different developmental ontogeny, with the earliest thymocytes deriving from embryonic, aorta-gonad-mesonephros-derived HSCs [52] , and adult T cell progenitors presumably derive from a self-renewing pool of WKM-resident HSCs. Alternatively, it may be a reflection of the immunological immaturity of these larval cells compared with their adult counterparts. In mammals, a number of studies have revealed that the expression and function of TLRs increase with gestational age [46 -48, 53, 54] .
The progenitor fraction of the WKM expressing myd88 and marked within Tg(myd88:EGFP) adults likely represents a range of multipotential blood progenitors. A role was anticipated initially for MyD88 during hematopoiesis as a result of its original characterization as a primary response gene expressed by myeloid precursors following IL-6 stimulation and high expression levels within the bone marrow [11, 55] . However, subsequent examination of MyD88 function led to establishing its role as an adaptor for TLR-mediated immunity. Recent studies have now revealed that MyD88-dependent TLR signaling within mammalian hematopoietic progenitor cells during inflammation can skew hematopoiesis to favor the production of granulocytes, macrophages, and dendritic cells, often at the expense of lymphocytes [56 -60] . Such a strategy to boost specific components of the host immune system during infection by direct stimulation of blood progenitors by MAMPs through TLR signaling would ensure a rapid replenishment of required immune cell compartments. Whether TLR-mediated signaling within zebrafish hematopoietic progenitor cells helps modulate a similar mechanism to manage infection remains to be examined.
In humans, in addition to being expressed within immunologically important settings such as the spleen and within blood leukocytes, TLRs and MyD88 are expressed at elevated levels within tissues exposed to the external environment, such as the GI tract and lungs [50] . This appears to be a theme conserved within zebrafish, where in addition to marking myeloid leukocytes, myd88 transcripts are detected in embryos and larvae throughout the GI tract, consistent with the requirement of a first-line immune surveillance mechanism within this organ from the commencement of exotrophic nutrition [61] . In mammals, TLR-mediated signaling triggered by commensal bacteria is essential for the maintenance of intestinal epithelial barrier function [62] . TLR signaling induced by commensal flora is also necessary for protective tolerance and general intestinal homeostasis [63] . It is therefore not surprising that TLRs and MyD88 have been implicated in diseases associated with a breakdown in epithelial barrier function and commensal tolerance, in particular, the inflammatory bowel diseases ulcerative colitis and Crohn's disease [64] . In zebrafish, transcripts encoding a number of Tlrs have been detected from cDNAs prepared from dissected adult intestines [15] . In addition, neutrophil influx within LPS-stimulated larval intestines has been demonstrated to be at least partially dependent on Myd88 function, as are the homeostatic numbers of intestinal neutrophils in response to normal commensal microflora [65] . What is not clear is whether this defective neutrophil infiltration is a reflection of disrupted Myd88 function within neutrophils and/or intestinal epithelial cells. However, these results do support a conserved function for Myd88 in regulating intestinal immune responses to proinflammatory stimuli and during intestinal homeostasis, presumably through TLR-mediated signaling. We found that myd88 was expressed within the GI tract, concomitant with its maturation into a functional organ and colonization with intestinal microflora [61] . Of note, expression was strongest within the intestinal bulb and distal intestine with little detectable expression in the midintestine. Whether this reflects a spatial distribution of mucosal immune potential within the zebrafish intestine is unclear. In zebrafish larvae, the majority of neutrophil influx during LPS stimulation and during general intestinal homeostasis is confined to the distal intestine, suggesting an elevated mucosal-immune potential in this region [61] . Consistent with this, we have demonstrated previously, using live imaging, that egfp-expressing enteropathogenic Salmonella colonize the distal intestine, initiating a robust, mucosal immune response, evidenced by the influx of highly phagocytic leukocytes in Tg(lyz:DsRED2) larvae [22] .
Transcripts encoding zebrafish Myd88 were also detected within the developing heart. The mammalian myocardium expresses the components necessary for TLR-mediated signaling. Furthermore, signaling through these components can activate proinflammatory cytokines and other immune mediators in response to classical MAMP stimulation [66 -75] . Oxidative stress in the postischemic heart, an important event in the pathogenesis of myocardial dysfunction, has been demonstrated to trigger proinflammatory signaling cascades via a TLR2-dependent mechanism [72] . Another TLR expressed by the heart, TLR4 has been demonstrated to provide a survival effect against stress-induced apoptosis through a MyD88-dependent mechanism [74] . Whether the zebrafish heart possesses a similar MyD88-dependent, TLR-mediated, antiapoptotic potential during cardiomyocyte stress is not known.
The strongest domain of myd88 expression throughout embryonic/larval development was that marking the pronephric ducts, which are the first component of the embryonic pronephric kidney to form and possess polarized epithelial cells containing ion-transport proteins necessary for its osmoregulatory role. Paired pronephric tubules connect these bilateral ducts to an anterior glomerulus that can filter blood from 2 dpf [76] . In mammals, immune and nonimmune renal cells, such as tubular epithelial cells, express TLRs that have been demonstrated to contribute to the innate immune response during renal infection [77, 78] . Interestingly, a TLR expressed in high levels in the kidney and incapable of promoting signaling when stimulated with known TLR ligands, TLR11, responds specifically to uropathogenic bacteria [79] . TLR11-deficient mice demonstrate a high susceptibility to kidney infection triggered by uropathogenic bacteria, supporting a specific, protective role for this TLR during kidney infection [79] . Whether this myd88 expression in the early zebrafish pronephric ducts reflects an immune surveillance potential within this organ is uncertain. However, a nonimmune function for this expression should not be discounted.
In summary, we demonstrate that embryonic, larval, and adult zebrafish express adaptor molecules required for TLRmediated signaling within different immune cell compart-ments, consistent with their anticipated roles in the regulation of TLR-mediated immunity. We have used live imaging within Tg(myd88:EGFP/DsRED2) reporter lines to mark these cells and validate their potential to contribute in responses to wounding and bacterial infection. These lines will provide a resource to genetically dissect the contribution of MyD88 further and in a broader context, TLR-mediated signaling to the immune response during early vertebrate development. The use of these lines in genetic and chemical screens may also provide an unbiased means to identify regulators of MyD88 expression and potentially reveal novel strategies to modulate the inflammatory response. 
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